Abstract Heat-stroke is a serious form of hyperthermia with high mortality, and can induce severe central nervous system disorders. The neurovascular unit (NVU), which consists of vascular cells, glial cells, and neurons, controls blood-brain barrier (BBB) permeability and cerebral blood flow, and maintains the proper functioning of neuronal circuits. However, the detailed function of each BBB component in heat-stroke remains unknown. In order to interpret alterations caused by heat stress, we performed transcriptome comparison of neuron and astrocyte primary cultures after heat treatment. Differentially-expressed genes were then selected and underwent Gene Ontology annotation and Kyoto Encyclopedia of Genes and Genomes pathway analysis. Gene-act networks were also constructed, and the expression of pivotal genes was validated by quantitative PCR, as well as single-cell qPCR in heatstroke rats. Our work provides valuable information on the transcriptional changes in NVU cells after heat stress, reveals the diverse regulatory mechanisms of two of these cellular components, and shows that a cell-type-specific approach may be a promising therapeutic strategy for heatstroke treatments.
Introduction
Heat-stroke is a life-threatening illness characterized by an elevated core body temperature that rises above 40°C and central nervous system (CNS) dysfunction that results in delirium, convulsions, or coma [1] . Multiple organ dysfunction syndromes can occur in patients with severe heatstroke, and its mortality is particularly high. During the 2003 heat-wave event in Europe, the high temperature caused an estimated 30,000 deaths [2] . Heat-stroke can induce severe CNS injury which is characterized by cognitive and motor deficits, and permanent brain damage and coma [3] . The CNS, which is particularly vulnerable to direct thermal effects, can also be injured by disruption of the blood-brain barrier (BBB) and brain edema [4] .
Heat-stroke results from exposure to a high environmental temperature (in which case it is called classic, or nonexertional, heat-stroke) or from strenuous exercise (in which case it is called exertional heat-stroke). Global warming is already causing heat-waves in temperate climates, and the threat of heat-stroke is increasing [1] . Greater knowledge of the cellular and molecular responses to heat stress will help point to novel preventive measures and a new paradigm of immunomodulation.
The neurovascular unit (NVU) comprises vascular cells (endothelium, pericytes, and vascular smooth muscle cells), glial cells (astrocytes, microglia, and oligodendroglia), and neurons [5] . The NVU controls BBB permeability and cerebral blood flow, and maintains the chemical composition of the neuronal milieu, which is required for the proper functioning of neuronal circuits. Heat stress induces cerebral ischemia and BBB disruption that result in extravasation of substances into the brain extracellular compartment causing vasogenic edema and cell injury [6] . As the most abundant cell type within the CNS, astrocytes play essential roles in maintaining normal brain function. They are a critical structural and functional part of the tripartite synapses and the NVU, and communicate with neurons, oligodendrocytes, and endothelial cells [7] . It is known that after an ischemic stroke, astrocytes perform multiple functions, both detrimental and beneficial for neuronal survival, during the acute phase. However, the role of astrocytes in heat stress-induced BBB and cerebral damage remains unknown. And the cellular and molecular changes of each BBB component are complex, and insufficiently understood. Thus it is urgent to obtain a global perspective on the changes in each BBB component following heat stress.
In this study, we investigated the transcriptional profiles of neuron and astrocyte cultures after heat stress.
Materials and Methods

Neuron and Astrocyte Cultures
Cortical neurons were prepared from Sprague-Dawley rats on embryonic day (E) 18. After treatment with 0.1 mg/mL trypsin (Thermo Fisher Scientific, Waltham, MA) and 0.6 lg/mL DNase (Sigma-Aldrich, St. Louis, MO) for 10 min at 37°C and mechanical dissociation, cortical cells were plated at 5910 5 cells/mL on culture dishes coated with 0.1 mg/mL poly-DL-lysine. The cells were cultured in neurobasal medium containing 2% B27 supplement (Thermo Fisher Scientific, Waltham, MA), 0.5 mmol/L glutamine, and 1% penicillin-streptomycin, under 5% CO 2 /10% O 2 at 37°C. Forty-eight hours later, 20 lg/mL 5-fluorodeoxyuridine was added to the medium to inhibit the growth of glial cells.
Rat astrocytes were purified from E18 Sprague-Dawley rat forebrains and cultured. Briefly, cortices were enzymatically then mechanically dissociated to generate a single-cell suspension. Cortical cells were incubated in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. When the cells covered 50%-60% of the dishes, oligodendrocytes were removed by shaking at 100 rpm for 3 h at 22°C.
All animal experiments complied with the Animal Research Reporting of In Vivo Experiments guidelines and were carried out in accordance with the National 
High Temperature Exposure
The heat stressed neuron and astrocyte cultures were placed in a 5% CO 2 incubator adjusted to 38°C, 39°C, 40°C
, or 42°C for 30 min on days 7-10. After the heat stress exposure, the cultures were moved back to a 37°C incubator to recover for 2 h. Control neuron and astrocyte cultures remained in the 37°C incubator throughout. After recovery, the cultures were collected in TRIzol reagent (Thermo Fisher Scientific, Waltham, MA).
Heat-Stroke Rats and Single-Cell Transcriptional Profiling
Adult male Sprague-Dawley rats (8 weeks old) were housed in individual Plexiglas cages in an animal room maintained under a constant light-dark cycle (lights on from 07:00 to 19:00), temperature (22 ± 1°C), and humidity (45%-55%). Food and water were provided ad libitum. To obtain heat-stroke rats, conscious, unrestrained rats were exposed to an ambient temperature of 40°C and 60% humidity in a floor-standing incubator, in the absence of food and water, until a core body temperature of 40°C was reached (*100 min). Control rats were placed in the same incubator at an ambient temperature of 22°C and 60% humidity for 100 min.
Then the rats were deeply anesthetized with 10% chloral hydrate. Upon sacrifice, the hypothalamus was freshly dissected and dissociated with a Neural Tissue Dissociation Kit (Miltenyi Biotec, Shanghai, China). The isolated cells of choice were collected under a microscope. Then samples underwent reverse transcription and target-specific amplification, followed by quantitative PCR (qPCR) as previously reported [8] . Table S1 .
RNA-seq and Bioinformatics Analysis
RNA extracted from neuron and astrocyte cultures was used to prepare mRNA libraries using the KAPA Stranded mRNASeq Kit (Illumina platform, Kapa Biosystems, Wilmington, MA). The RNA-seq libraries were sequenced on the Hiseq2500 platform. Raw sequencing data were first evaluated by FastQC [9] , and then mapped to the Rattus norvegicus genome (rn6) using Tophat 2.0 [10] based on Bowtie2 [11] . The read count for each gene was obtained from the mapping results using Cufflinks [12] and normalized to reads per kilobase of exon model per million mapped reads (RPKM). The read counts were normalized with limma [13] and analyzed with edgeR [14] . Differentially expressed genes (DEGs) between the heat-treated samples and controls were determined with FDR (false discovery rate) \0.1 and fold change [1.5 or \1/1.5. Heatmap and Hierarchical Clustering analyses were performed with MultiExperiment Viewer (MeV) 4.9 [15] . GO analyses were performed with DAVID Bioinformatics Resources 6.8 [16, 17] and WEGO [18] . Pathway enrichment analyses were performed with Enrichr [19, 20] . Gene-act network analyses were performed with STRING [21] and Cytoscape [22] . All raw sequence data have been submitted to the Sequence Read Archive of the National Institutes of Health (USA) (accession number: SRP093962).
Statistical Analysis
All qPCR data are presented as mean ± SEM. Student's t-test, the Mann-Whitney rank sum test, or one-way analysis of variance (ANOVA) was used for the statistical analysis of qPCR data. Student-NewmanKeuls's post hoc analysis was performed after one-way ANOVA.
Results
40°C and 42°C Stress Increase HSP70 Transcription
To explore the responses of neurons and astrocytes to high temperature, cultures were exposed to heat stress at 38°C, 39°C, 40°C, and 42°C, and then the transcription levels of heat shock protein HSP70, a marker of the heat stress response [23] , were assessed with qPCR ( Fig. 1) . At 40°C and 42°C, the transcription of HSP70 in neurons and astrocytes increased significantly compared with 37°C controls (Fig. 1B and C) , indicating that they undergo remarkable responses to heat stress at 40°C and above.
Heat Stress Induces Transcriptional Regulation in Neurons and Astrocytes
To investigate the transcriptional events in neurons and astrocytes exposed to high temperature, the cultures were stimulated at 40°C and harvested to extract total RNA samples. Transcriptional profiles were detected by nextgeneration sequencing, and the DEGs between heat-treated samples and controls were determined ( Fig. 2A-C) . After heat stress, 119 genes were up-regulated in neurons, while 61 were down-regulated. As for astrocytes, 92 genes were upregulated, while 60 were down-regulated (Fig. 2D) . The transcriptional regulation of neurons and astrocytes differed greatly ( Fig. 2C and E). Most DEGs were different in neurons and astrocytes, except for 6 genes, among which Apobec2 and ENSRNOG00000001066 were up-regulated in both, C6 and Ccl3 were down-regulated in neurons but up-regulated in astrocytes, and LOC689081 and ENSRNOG00000046059 were down-regulated in both. These results suggested that high-temperature stress activates different regulatory mechanisms in neurons and astrocytes, which may play different roles in the damage induced by heat exposure.
Heat Stress Alters Diverse Pathways in Neurons and Astrocytes
To investigate the regulatory mechanisms in neurons and astrocytes during heat stress, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Genes regulated in neurons and astrocytes were associated with important cellular components and processes ( Fig. 3A and B) . To gain further insight into the biological functions of the DEGs, functional annotation clustering was performed using DAVID 6.8. The neuronal DEGs were divided into 12 clusters (Table S2 ). The main enriched clusters were hemostasis and blood coagulation (PROCR, FGA, and F9), vision and sensory transduction (ARR3, PDC, RCVRN, RHO, and OLR1029), and oxidation-reduction process (NOX4, FMO1, AASS, DCXR, CYBB, RASSF9, and AOC3). On the other hand, the astrocytic DEGs were divided into 9 clusters (Table S3) , and the main enriched clusters were iron ion binding and oxidoreductase (CYP2AC1, FAR2, CYP2J16, CYP2D5, DOXL1, etc.), leukocyte chemotaxis and cytokine-cytokine signaling (CCL12, CCL3, PTGIR, CCR1, CRHBP, CXCL2, CCL4, etc.), and transmembrane related process (MILL1, CYP2D5, SYNDIG1, RGD1304770, NPY2R, etc.).
Meanwhile, the most enriched pathways in neurons in the Enrichr KEGG pathway analysis were complement and coagulation cascades (FGA, PROCR, F9, C6, and C2), phototransduction (RCVRN and RHO), and neuroactive ligand-receptor interaction (GABRR3, P2RY10, CHRNB4, CHRM5, and TACR2) (Fig. 4A , Table 1 ), indicating that signal transduction associated with complement and coagulation cascades is activated after heat stress in neurons. In contrast, the most enriched pathways in astrocytes were cytokine-cytokine receptor interaction and chemokine signaling pathways (CCR1, IL2RB, CCL4, CCL3, and CXCL2). The Tolllike receptor signaling pathway and NF-jB signaling pathway were also included (CCL4, CCL3, and CXCL2; Fig. 4B , Table 2 ), which suggested that astrocytes might play a role in the inflammatory reaction and NF-jB signaling-induced cellular responses.
Protein-Protein Interaction Network Analysis and qPCR Validation
Protein-protein interaction networks were built with the genes affected by heat exposure in order to investigate the regulatory relationships between them in neurons and astrocytes ( Fig. 4C and D) . The networks were composed of up-regulated and down-regulated genes. We found that genes involved in important signaling pathways were in the center of the neuronal protein-protein interaction network (Fig. 4C) , including MAPK15, WNK4, RHO, ARR3, and ROS1. The most enriched genes in the complement and coagulation cascades (FGA, PROCR, F9, C6, and C2) formed a branch of the network, suggesting this pathway might be an independent regulatory mechanism in neurons after heat stress. On the other hand, the genes regulated in astrocytes comprised several sub-networks, one of which consisted of genes enriched in cytokine-cytokine receptor interaction, chemokine signaling pathway, Toll-like receptor signaling pathway, and NF-jB signaling pathway (CCR1, IL2RB, CCL4, CCL3, and CXCL2). This supported the point that astrocytes are associated with the inflammatory reaction and NF-jB signaling-induced cellular responses to heat stress.
Eleven of the most enriched DEGs were chosen to validate the transcript sequencing results, in which the expression changes were detected using qPCR. The results demonstrated that the transcription levels of Fga and C2 were up-regulated, while C6, Ccl3, Gdf5, and Il6r were down-regulated in neuron cultures, consistent with the RNA-seq data, except for F9 ( Fig. 5 ; P\ 0.05 for Fga, C2, Gdf5, Ccl3, and Il6r; P = 0.076 for C6, P = 0.20 for F9  (t-test) ). On the other hand, C6 and the inflammationrelated genes Ccr1, Ccl4, Il2rb, and Ccl3 were upregulated in astrocyte cultures, consistent with the RNAseq data, except for Gdf5 ( Fig. 6 ; P \ 0.05 for Ccr1, Ccl4, Il2rb, Ccl3, Cxcl2, C6, and Gdf5 (t-test)). Quantitative PCR analysis was in accordance with the transcriptome sequencing results.
Single-Cell qPCR Reveals Different Roles of Astrocytes In Vitro and In Vivo
Besides astrocytes, the NVU contains other cell types, like microglia, pericytes, and endothelial cells, which may also play roles in brain inflammation. And fetal primary cultures may not be mature and healthy enough to mirror corresponding adult cells in vivo. To investigate the roles of different NVU cells in the adult CNS during heat-stroke, we determined the single-cell transcriptional profiles in the hypothalamus of adult male rats with heat-stroke. Fifteen cell-type-specific markers were chosen to identify the cells that underwent singlecell qPCR, based on a previous report [24] (primers listed in Supplemental Table S1 ). The transcriptional levels of the markers were assessed in all the cells, and identification was performed (Fig. 7A) . Samples with no evident transcription of any marker were removed. Then the pivotal genes were assessed via qPCR. We found that the transcription of C6 and Ccr1 were down-regulated in neurons, as well as C6, Ccl3, and Ccr1 in astrocytes ( Fig. 7B and Table 3 ). The down-regulation of these genes in astrocytes was not in accordance with the situation in primary culture reveled by RNA-seq and qPCR, indicating a complex regulatory mechanism in astrocytes during heat-stroke.
Discussion
The NVU and the BBB are considered to be essential units participating in maintaining the functions of the CNS. A better understanding of the cellular and molecular regulation of the NVU and BBB components after heat exposure is one of the critical steps for new therapeutic strategies in heat-stroke.
In this work, we investigated the transcriptional profiles of neuron and astrocyte cultures after heat stress, and found that they underwent different transcriptional changes. Transcriptome sequencing showed that heat stress caused a number of transcriptional regulations in both neurons and astrocytes. Most of the significant DEGs of the two cell cultures were not the same, suggesting that different response mechanisms are activated in neurons and astrocytes by heat stress.
Previous work has demonstrated increased immune responses during heat-stroke [25] . Studies on rodent models found increased expression of cytokines, COX enzymes, chemokines, and chemokine receptors in the brain, liver, and heart, including IL-1b, IL-6, TNF-a, IL-10, and iNOS [25] [26] [27] . Attenuating the systemic inflammatory response can alleviate neuronal damage and reduce mortality in rodents. As these studies were carried out on whole tissues, the detailed molecular processes and regulatory mechanisms of different cell types remained unclear. Ours is the first study to identify the detailed changes in gene expression of different BBB components and the function of astrocytes after heat stress.
Functional annotation revealed enriched clusters of leukocyte chemotaxis and cytokine-cytokine signaling in astrocytic but not neuronal DEGs. Further KEGG pathway analysis demonstrated enriched cytokine/chemokine, Tolllike receptor, and NF-jB signaling pathways in astrocytes. It is worth noting that the chemokine-related genes were found in astrocytes but not neurons, and these genes combined into a regulatory sub-network in the proteinprotein interaction network of astrocytic DEGs. These DEGs were composed of the C-X-C motif chemokine ligand (CXCL2), C-C motif chemokine ligand (CCL3, CCL4, and CCL12), C-C chemokine receptor (CCR1), interleukin receptor (IL2RB), and neuropeptide Y receptor (NPY2R), which are important in the immune system, and also play roles in the CNS.
Chemokines are small proteins classified into four families on the basis of the number and spacing of the conserved cysteine residues in the N-terminal position. These families are named CXC, CC, CX3C, and C, in accordance with systematic nomenclature. Chemokines exert their biological effects through cell surface receptors from the G protein-coupled receptor superfamily [28] . It is known that chemokines and their receptors are constitutively expressed in the developing and adult nervous systems. Recent studies have suggested that chemokines and their receptors may contribute to homeostasis in the mature brain, through the modulation of neurotransmitter release, thereby regulating cell survival and synaptic transmission [29, 30] . They also contribute to disruption of the integrity of the BBB, neuroprotection, development and migration of adult neuronal progenitor stem cells, and axonal sprouting and elongation. In terms of pathology, chemokines and chemokine receptors are involved in many CNS disorders, including Alzheimer's disease, Parkinson's disease, multiple sclerosis, and amyotrophic lateral sclerosis [28] . A previous study revealed significant changes in the expression of 25 cytokines and chemokines in the hypothalamus of heat-stroke rats [3] . Our results showed that these changes may occur in astrocytes, rather than neurons, so the former may thereby contribute to neuroinflammation and aggravate neural injury. It is known that the situation differs between cells in vivo and in vitro, thus the fetal cells may not mirror corresponding adult cells. And the NVU contains other cell types that could also be involved in brain inflammation, like microglia, pericytes, and endothelial cells. To address this, we performed single-cell profiling of the hypothalamus in adult heat-stroke rats. The hypothalamus plays a pivotal role in thermoregulation, and ischemic and oxidative damage to the hypothalamus may be responsible for heat-stroke [25] . Hence, we focused on measuring heatstroke-induced transcriptional changes in different hypothalamic cells from adult rats. Single-cell qPCR Significant changes of cytokine-or chemokine-related genes were not found in the other cell types, except for Ccr1 in neurons. It was surprising that C6, Ccl3, and Ccr1 were all up-regulated in RNA-seq and qPCR in primary astrocyte culture after heat stress, but down-regulated in heat-stroke rats. According to previous work on whole hypothalamic tissue, the transcriptional levels of CCL3 and CCR1 are down-regulated in heat-stroke rats [3] . In addition, down-regulation of C5, CCL12, CCL4, and CCR3 was found, while CCL6, CCR8, and CXCL13 were up-regulated. Maybe the primary cells separated from E18 brain were not mature and healthy enough to mimic the adult properties. On the other hand, considering that the inflammation-related pathways are composed of large gene networks, and the number of pivotal genes detected in the qPCR was limited, perhaps the results of qPCR did not reveal the overall perspective of inflammatory regulation in astrocytes. There may be a correlation between astrocytes and inflammation with complex mechanisms in vivo, such as interactions between different cells. In addition, microglia are known to be resident macrophage-like immune cells in the CNS and play vital roles in both physiological and pathological conditions, regulating multiple aspects of inflammation, such as repair, cytotoxicity, regeneration, and immunosuppression, due to their different kinds of activation states or phenotypes [31] . It was surprising to find no significant changes of pivotal genes in the single-cell transcriptional profiling of microglia. This may be due to the fact that the well-established markers of microglia at present, such as TNF-a, CCL3, and CD11b [24] , are all inflammation-related genes, whose expression levels might be regulated by heat stress. To investigate the role of microglia in heat stroke, more precise investigations are needed. Astrocytes have traditionally been considered to be a homogenous cellular population, and it was assumed that astrocytes from different CNS regions are functionally interchangeable. However, glial biologists now have an appreciation of the important ways in which astrocytes are functionally diverse [32] . Recent evidence has shown that the heterogeneity of astrocytes exists not only in Fig. 6 Validation of DEGs in heat-stressed astrocytes. Selected DEGs in astrocytes were detected by qPCR (n = 3/group) to validate the results of RNA-seq. Left panels: fold changes of RNA-seq; right panels: fold changes in qPCR. A **P = 0.0067 for Ccr1, B ***P \ 0.001 for Ccl4, C ***P \ 0.001 for Il2rb, D ***P \ 0.001 for Ccl3, E ***P \ 0.001 for Cxcl2, F **P = 0.0053 for C6, and G **P = 0.0051 for Gdf5 (Student's t-test).
morphology and function but also many other aspects, including development, genomes, astrogliosis, and cell-cell interactions [33] . Several subtypes of astrocytes are important in the neuroinflammation of CNS trauma and multiple sclerosis, such as white matter astrocytes with high expression of GFAP, CD44, vimentin, and nestin, and low expression of NDRG2. The subventricular zone astrocytes with high expression of GFAP, GLAST, and nestin can migrate towards a lesion site and give rise to new neurons following injury [33] . Perhaps different subtypes of astrocytes from different CNS regions or with different expression of subtype-specific markers play diverse roles in heat-stroke. Detection of inflammatory genes of different subtypes of astrocytes may be helpful in understanding the detailed roles of astrocytes in heatstroke.
Another well-established fact is that mRNA expression does not always reflect the actual synthesis of the Fig. 7 Single-cell profiling of heat-stroke rats. The transcriptional levels in the hypothalamus of heat-stroke rats were assessed by single-cell qPCR. A The types of hypothalamic cells were determined by the transcription patterns of cell-type-specific markers. B Heatmap of the fold changes of pivotal genes in hypothalamic cells. respective protein. As our work was performed with transcriptome sequencing and qPCR, it is possible that the protein expression of pivotal genes might not precisely mirror the gene expression data reported.
In conclusion, astrocytes may be an anti-inflammatory target for heat-stroke. We believe that this work provides information for a cell-type-specific approach to heat-stroke treatment, while further exploration of the detailed functions and regulatory mechanisms of each BBB component is warranted. 
